A novel biodegradable polymer elastomer nanocomposite composing of poly(1,8-octanediol-citrate) (POC) polymer matrix and carbon nanotubes (CNTs) additive was successfully fabricated and systematically investigated using Fourier transform infrared (FT-IR), X-ray diffractometer (XRD), differential scanning calorimetry (DSC), tensile test, incubation and cytotoxicity tests. It was found that the addition of CNTs in POC elastomer did not result in any noticeable change in its chemical structure and the amorphous state. However, the tensile strength and elongation at break were greatly improved by the addition of CNTs in POC polymer matrix. It revealed that the swelling ratio and percentage of weight loss of POC/CNTs nanocomposite were lower, compared with the pure POC material. Moreover, the adsorption amount of bovine serum albumin (BSA) increased with an increase of the CNTs mass content in POC matrix revealing the enhanced hydrophilicity of POC/CNTs nanocomposites contributed by the carboxyl of the CNTs. Additionally, the cytotoxicity tests with L929 cell line revealed that the experimental POC/CNTs nanocomposites possessed good in vitro biocompatibility.
INTRODUCTION
In recent years, polymer nanocomposites, with nanoscale additives dispersed in the polymer matrix, had been developed rapidly with continuous development of nanotechnology. The small size of disperse phase (less than 100 nm in one dimension) could produce the quantum size effect, surface effect, small size effect and macroscopic quantum tunneling effect, leading to better mechanical, physical and chemical properties than that of the single polymer matrix, such as improved strength, stiffness, dimensional stability, thermal stability, biodegradability, flame resistance and gas barrier. [1] [2] [3] [4] [5] [6] [7] Moreover, the multifunctional organic or inorganic/polymer nanocomposites would provide new approaches to prepare new materials with high performance and multifunction, and open brighter perspectives for their further application in various areas. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Carbon nanotubes (CNTs) can achieve very high aspect ratios due to the fact that their diameters are in the range of a few nanometers with lengths of several hundred * Author to whom correspondence should be addressed.
nanometers. [18] [19] [20] Much attention has been given to the study of preparation, structure characteristics, properties and applications of CNTs owing to their unique mechanical, physical and chemical properties, 21 22 and one of the most intriguing applications of CNTs is the polymer/CNTs nanocomposite. [23] [24] [25] [26] [27] However, the improvement in mechanical properties for the polymer-based nanocomposites with a few percentage of CNTs are usually limited because CNTs have high surface energy and are easy to aggregate, which lead to the poor dispersion of CNTs in polymer matrix and poor interfacial interaction with the matrix. 23 For example, Gao et al. prepared carboxylic-acid-functionalized single-walled carbon nanotubes (SWNT-COOH)-nylon 6 (PA6) nanocomposite materials by the in-situ polymerization of caprolactam in the presence of SWNT-COOH. 24 Although the incorporation of SWNT-COOH into the nylon 6 matrix increases the tensile strength, but the break strain decreases from 418% for pure PA6 to 122% for PA6-1.5 wt% SWNT-COOH. Nanocomposites based on poly(vinyl alcohol) (PVA) and well-dispersed chemically functionalized 25 They measured the stress-strain properties of PVA-based nanocomposites. After the addition of 0.8 wt% SOH into the matrix, the tensile yield strength increased by 47%, however, the elongation at break significantly decreased. These results imply that the presence of CNTs serves to make the polymer stronger but less flexible. In the present study, POC/CNTs nanocomposites with uniform distribution of CNTs, which exhibited both higher tensile strength and ductility accordingly, have been explored.
MATERIALS AND METHODS

Materials
The CNTs (diameter 10-30 nm, length 5-15 m with a purity of >97%) were purchased from Shenzhen Nanotech Port Co., Ltd. (Shenzhen, China), and were treated by refluxing in a 1:3 (v/v) concentrated nitric-sulfuric acid at 50 C for 5 h prior to use. POC pre-polymer was synthesized according to previous work: 28 equimolar amounts of citric acid (99.5%, Sigma-Aldrich) and 1,8-octanediol (98%, Sigma-Aldrich) were added into a three-neck roundbottom flask, and the mixture was melted at 160-165 C under a flow of nitrogen gas for 15 min, then the temperature was lowered to 140-145 C and held for a further 45 min to create a pre-polymer. The POC pre-polymer was dissolved in ethanol to a concentration of 33% (w/v) and mixed with various amounts of CNTs to obtain POC/CNTs composites with 0.25%, 0.5%, 1% and 2% CNTs by weight percentage.
The POC/CNTs nanocomposite film samples were prepared by casting the composite solution into glass dishes. After solvent evaporation, the dish containing composite film was post-polymerized at 80 C for 3 days followed by 120 C under vacuum for 1 day. All other chemicals and solvents were at analytical grade and used without further purification. All aqueous solutions were prepared using doubly distilled water.
Methods
The cross-sectional morphology of various POC/CNTs nanocomposites were observed by a scanning electron microscopy (SEM) (CamScan MX2600FE, UK) at an accelerating voltage of 20 kV. FT-IR spectra were recorded for POC/CNTs nanocomposite in the attenuated total reflection (ATR) mode using an IR spectrophotometer (PE Company, USA). The crystallinity of experimental samples were characterized by X-ray diffractometer (XRD) equipped with Cu K source and operating at 40 kV, 40 mA and a scan rate of 5 /min. The thermal property of all experimental samples were investigated by the differential scanning calorimetry (DSC) measurements (Perkin-Elmer Company, USA) in a temperature range from −50 C to 50 C at a heating rate of 10 C/min under a nitrogen atmosphere. Tensile strength and ultimate elongation of the POC/CNTs nanocomposite were tested using an Instron 3365 universal testing machine at a crosshead speed of 5 mm/min. All samples were cut into cuboid shape with the geometric size of 50 × 5 × 0.8 mm 3 . The average values for all tensile property parameters were obtained from the results of five tests for each experimental material group.
For the degradation tests, the experimental POC/CNTs nanocomposite samples were placed at 37 C in closed bottles containing 10 ml of phosphate buffer solution (pH 7.4) for up to 10 weeks. The incubation medium was replaced once per week. At given time intervals, the POC/CNTs nanocomposites were taken out and washed with deionized water, dried under vacuum for 48 h to remove the solution completely. The swelling ratio and degradation degree were calculated according to the following equations, respectively:
where W 0 is the initial weight and W t1 is the wet weight of sample. W t2 is the weight of the sample after submersion in the buffer solution for specified time points in its dry state. Each swelling experiment was repeated for three times. An average of three measurements was taken for each material group. A bovine serum albumin (BSA) solution in phosphate buffer solution at pH 7.4 was prepared. The disk-shape POC/CNTs nanocomposite samples with 1 cm diameter were placed in closed bottles containing 5 ml BSA solution with initial concentration of 500 g/ml at 37 C. At desired adsorption time points, the absorbance was measured using UV-Vis spectrometer (Shimadzu UV-2550, Japan) in spectral range from 500 to 200 nm to reveal the concentration of BSA in the closed bottles. In order to ensure the reproducibility of the experimental results, measurements were repeated three times and the values were averaged.
Cell Culture
Mouse fibroblast cells (L-929) was used to assess the cytotoxicity of the POC/CNTs nanocomposites. After sterilization, all samples were incubated in Dulbecco's modified Eagle's medium (DMEM) at a proportion of 10 mg/ml at 37 C for 24 h to achieve the extraction. L-929 cells was cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS), 100 U/ml penicillin and streptomycin 100 g/ml in an incubator working at 37 C with 5% CO 2 . When culture reached around 75% confluence, the L-929 cells were trypsinized and added to each well of a 96-well plate at a density of 1 × 10 5 cells/ml. After 24 h culture, the medium was replaced with 100 l negative control (DMEM), positive control (DMEM with 10% (v/v) dimethylsulfoxide) and experimental material extraction groups, respectively, and the cells were cultured at 37 C in humidified air and 5% CO 2 up to desired time points. At desired time points, the L-929 cells were incubated in 10 ml MTT (10 mg/ml) for 4 h. Then 100 ml sodium dodecyl sulfate (10 wt% SDS in 0.01 mol/l HCl) was added in each well and incubated for day and night to dissolve the internalized purple formazan crystals. The absorbance of the supernatant was measured at wavelength 570 nm by using microplate reader (Bio-RAD680, Bio-rad Co., USA).
RESULTS AND DISCUSSION
Microstructural Characterization
It is well known that CNTs tended to aggregate and precipitate in most solvents, indicating poor solubility due to their strong attractive interactions between the hydrophobic sidewalls. 29 This would limit the applications of CNTs in composites. So far, much attempt has been made to circumvent such a limitation and, to this end, significant progress has been recently made mainly through covalent and noncovalent functionalization of the CNTs. 30 In this study, our pretreatment of CNTs by oxidative acids creates acid sites on the surface of CNTs, which mainly consist of carboxylic moieties, helping sufficient solubilization of the formed nanostructure CNTs. Figure 1(A) shows the photograph of acid-treated CNTs dispersion into ethanol after storage for one month. In contrast to the complete precipitation of untreated CNTs dispersion in the ethanol solution ( Fig. 1(B) 31 We further investigated the distribution and interfacial adhesion of CNTs in POC matrix. The typical crosssectional SEM images of POC/CNTs nanocomposites with CNTs mass content of 0.25, 0.5, 1, and 2 wt% are shown in Figure 2 , which were prepared by cutting the nanocomposites in liquid nitrogen to give an intact surface fracture. It can be seen that some CNTs aggregated together into bundles and sometimes single CNT dispersed in polymer matrix could be observed either. It should be noted that the CNTs could form homogeneous dispersion in the POC matrix when the CNTs content reached 1 wt%. Figure 3 showed the FT-IR spectra of the pure POC and POC/CNTs nanocomposites with CNTs mass content of 0.25, 0.5, 1, and 2 wt%. As can be seen, the typical characteristic absorption bands within 3500-3200 cm
and 1800-1600 cm −1 appeared for all the samples. Among them, the broad peak around 3490 cm −1 was assigned to the hydrogen-bonded hydroxyl group stretching vibration and O-H stretching vibration of the hydrogen-bonded carbonxyl groups, 32 33 and the absorption at 1740 cm
belonged to the ester carbonyl in the polymer backbone, which displayed the formation of ester in reactions. In addition, the absorption at 2930 cm −1 and 2855 cm −1 were assigned to the stretching vibration of methylene groups. All these facts demonstrated that POC/CNTs nanocomposites had similar chemical structures to the pure POC.
In order to investigate the thermal and crystalline properties of POC/CNTs nanocomposites, the glass transition temperature was determined by DSC. Figure 4 nanocomposites, at about −2∼−10 C, suggesting that POC and POC/CNTs nanocomposites had amorphous polymer structure at room temperature or working temperature (body temperature, 37 C). No melting peaks or crystallization peaks within the measurement temperature ranges were found. At the same time, compared with pure POC, the addition of CNTs into POC elastomer matrix led to positive shift of T g for the POC/CNTs nanocomposite with 1 wt% CNTs. It might due to the following reasons: (i) the interfacial interaction was relatively strong because of the good dispersion of CNTs inside the POC matrix;
(ii) the hydrogen bond formation between CNTs and the POC matrix constrains the mobility of the polymer chains. 34 This result was well consistent with the corresponding tensile test results which will be shown later. Figure 4 (B) shows the X-ray diffraction patterns of the experimental POC and POC/CNTs nanocomposites. A well-defined broad and blunt diffraction peak appears for all tested samples, suggesting that POC and various POC/CNTs nanocomposites were under amorphous state at room temperature. In addition, there is a small peak at about 2 = 13 for POC which can not be found in the spectra of the composites with CNTs. Thus it can be concluded that a few percentage of the crystallinity or localordering structure in POC matrix. The reason might lie in that the CNTs could improve the thermal conductivity of the polymerization, which makes polymerization reactions more fully and finally form a complete amorphous structure.
Delivered by
Mechanical Properties
The effect of CNTs content on the tensile strength and elongation at break for POC/CNTs nanocomposite samples was studied, as illustrated in Figure 5 . It is seen that at a CNTs content of 0.25%, the composite exhibited lower mechanical properties than pure POC, which was possibly due to the structural defect of a few microscopic bubbles in the matrix lead to the phenomenon of stressconcentration. Subsequently, when CNTs addition content reached 1 wt%, POC/CNTs nanocomposites exhibited higher tensile strength compared with that of the pure POC and the maximum mechanical property value appeared, at which point the maximum tensile strength value of the POC/CNTs nanocomposite was 59.6% higher than that of pure POC. In addition, it should be noted that the ductility of the POC/CNTs nanocomposite also increased continuously with the increase in CNTs content, which is typical characteristic of polymer-based nanocomposites and similar to those of grafted TiO 2 /PLA nanocomposites previously reported. 35 However, further increasing the filler content (2 wt%) led to the decrease of tensile strength of POC/CNTs nanocomposite. It is well known that the homogeneous dispersion of CNTs in the polymer matrix would provide more uniform stress distribution, minimize the presence of stress-concentration centers, and increase the interfacial area for stress transfer from the polymer matrix to the CNTs. 36 As shown in Figure 2 , it is clear that the CNTs can form homogeneous dispersion in the POC matrix when the CNTs content reached 1 wt%, but obvious aggregation of CNTs was seen at 2 wt%. Therefore the mechanical properties improved until the content of CNTs reaching 1 wt% and decreased again at a content of 2 wt%.
Swelling and Degradation
Swelling ratio is a very important parameter for polymerbased materials. Figure 6(A) shows the swelling ratio 
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Fabrication and Characterization of Elastomeric Polyester/CNTs Nanocomposites for Biomedical Application of various POC/CNTs nanocomposites in buffer solution (pH 7.4) at 37 C for 1-10 weeks. The pure POC swelled sharply at the initial 1 week with a swelling ratio of 172.1 ± 12.1%, followed by a slowing-down stage, but still showed very fast swelling rate after immersion for 7 weeks. However, the swelling ration of the POC/CNTs nanocomposites showed a little difference from that of pure POC, the fastest swelling rates did not occur at first week but appeared at 2-6 weeks, and then followed a relative slowing-down stage. In the initial stage of immersion, the POC rapidly absorbed water due to its good hydrophilicity, leading to the expansion of the network macromolecular chain in the three-dimensional space, whereas the network macromolecular chain would shrink due to the bear stress from the expansion. When the above two forces reached a balance, the swelling equilibrium was reached. This main process would destroy the hydrogen bonds and van der Waals force of polymers.
After that, the network binding was generally decreased because of the estering bond hydrolysis in cross-linked network, which led to the destruction of cross-linked structure. As a result, the third stage came and the swelling ratio of polymer can reach very high values. When CNTs were added into the POC matrix, the relatively strong interaction between CNTs and POC increased bear stress of macromolecular chains which inhibited the expansion and then delayed the entrance of water, thus the swelling ration was increasing gradually instead of burst swelling as pure POC. We can also see that at 10 week, the swelling of POC was in the third stage of increase but that of POC/CNT nanocomposites was still stay in the slowing-down stage, which demonstrated that CNTs would defer the swelling progress of POC/CNT nanocomposites. The quantitative data of weight loss of the pure POC and POC/CNTs nanocomposite are given in Figure 6 (B). It can be seen that the weight loss was nearly linearly related to the incubation time for all the tested samples. The degradation kinetics of the pure POC was much faster after incubation for 7 weeks in PBS, which was corresponding to the result of swelling ratio, may because of estering bond hydrolysis in cross-linked network. After degradation for 10 weeks the percentage of weight loss of pure POC was 53.0 ± 5.6%, which was markedly larger than that of the POC/CNTs nanocomposite with CNTs mass content of 0.25, 0.5, 1, and 2 wt% (34.3 ± 4.6%, 38.2 ± 9.4%, 36.6 ± 2.5% and 42.4 ± 4.0%, respectively). However, comparing with the pure POC, it was noticeable that there was not any change in the degradation rate of the POC/CNTs nanocomposites. The lower degradation rate for the POC/CNTs nanocomposite probably reflected the different extent of the polycondensation reaction due to the presence of thermally conductive CNTs, and it was also probably because the POC covalently reacted with COOH groups on the CNTs, leading to the effectively cross-linking in the POC/CNTs matrix. 37 Thus, the interfacial combination between CNTs and POC matrix was greatly enhanced, which delayed the hydrolysis of estering bond in cross-linked network of POC/CNT nanocomposites, therefore showing a lower degradation rate than that of pure POC after 7 weeks. Figure 7 represents the relationship between the BSA adsorption amount on top of POC/CNTs nanocomposites and the adsorption time. As shown, the BSA adsorption amount increased with increasing the adsorption time, and then the increment decreased slowly for all samples. After about 60 min, the BSA adsorption reached equilibrium point. The reasons might be as follows. On the one hand, the desorption ratio was relatively faster after increasing the BSA adsorption amount on the surface. On the other hand, the adsorption process was in nature the molecular diffusion of the adsorbate from the bulk solution to the area close to the surface. The higher concentration of BSA could create a bigger driving force, leading to a higher rate of diffusion, so the ratio of desorption was large. In addition, from Figure 7 it can be noticed that the BSA adsorption amount increased with an increase of the CNTs mass content in POC matrix. The reason might be that the hydrophilicity of POC/CNTs nanocomposites derived from the carboxyl of the CNTs was beneficial to the adsorption of BSA. The result was consistent with the previous reported result, 38 which indicated that BSA was easier to be absorbed on the hydrophilic surface. Moreover, BSA might cause the chemical bonding because of the interaction between the amino groups of BSA and the carboxyl of the CNTs, so the BSA had the perfect adsorption effect.
Protein Absorption
Cytotoxicity
As a novel form of carbon materials, CNTs are expected to be most promising materials for biomedical applications, such as disease diagnostics, drug delivery vehicles and biosensors for detection of biomolecules and biological cells due to their unique structural, electrical, and mechanical properties. Therefore, the cytotoxicity of CNTs has attracted considerable research attention in the recent years. [39] [40] [41] [42] [43] Here the cytotoxicity test was carried out to investigate the biocompatibility of the POC/CNTs nanocomposites using MTT assay for 3 days, as shown in Figure 8 . When CNTs were added into the POC matrix, the cytotoxicity grades of the POC/CNTs nanocomposites corresponded to Grade 1 or Grade 0 at desired time points. Moreover, the L-929 cells cultured in the extraction medium of all POC/CNTs nanocomposite samples showed relatively higher absorbance than that of the pure POC, which indicated that the extracts of the POC/CNTs nanocomposites were favorable to the adherence and proliferation of L-929 cells. Figure 9 shows the morphology of L-929 cells cultured in extraction mediums of the various POC/CNTs nanocomposites and negative control after 3 days. No unnatural changes in the morphology of L929 cells were seen for all samples compared with the negative control, and the L-929 cells exhibited good adhesion ability, with normal cell morphology such as triangle and quadrangle shapes. So it means that the POC/CNTs nanocomposites used in this study showed no cytotoxic effect after the addition of CNTs.
CONCLUSIONS
Biodegradable elastomeric polyester/CNTs nanocomposites were successfully fabricated. The addition of CNTs in POC elastomer did not result in any noticeable change in its chemical structure and amorphous state. The resulting POC/CNTs nanocomposites exhibited improved mechanical properties and had lower swelling ratio and percentage of weight loss compared with that of the pure POC, which could be attributed to the better interfacial combination between CNTs and POC matrix. Moreover, it demonstrated that a good in vitro biocompatibility of the 
